INTRODUCTION {#s1}
============

Non-alcoholic fatty liver disease (NAFLD) is considered to be one of the most common causes of chronic liver disease and is characterized by fat accumulation without significant alcohol consumption \[[@R1]\]. Although a number of hypotheses have been proposed to help explain the progression of NAFLD, a two-hit model has been the most widely accepted \[[@R2]--[@R4]\]. The 'first hit' occurs when hepatic triglycerides (TG) accumulate, resulting in fatty liver and increasing the sensitivity of the liver to the 'secondary hits', such as inflammatory cytokines/adipokines, mitochondrial dysfunction, and oxidative stress. Following secondary hits, the disease progresses to the next stages-steatohepatitis and hepatic fibrosis.

Methionine-choline deficient (MCD) diet, a well-established experimental model of NAFLD in rodents, rapidly produces the clinical pathologies including macrovesicular steatosis, hepatocyte ballooning, focal inflammation, hepatic necrosis, and fibrosis \[[@R5]\]. Although obesity and insulin resistance are not induced in this model, close similar features found in human NAFLD give the benefit of mechanism study. Moreover, MCD diet reflects a two-hit model very well. Choline deficiency causes decreased synthesis of phosphatidylcholine which is required for very low-density lipoprotein (VLDL), followed by lipid accumulation in the liver \[[@R6]\]. Methionine deficiency induces oxidative stress and inflammation by decreased generation of S-adenosylmethionine and glutathione \[[@R7]\]. Excessive lipid accumulation in the liver is mostly attributable to enhanced uptake and synthesis of fatty acids and to decreased oxidation of fatty acids \[[@R8]\]. Notably, it has been suggested that an inter-organ mechanism contributes to NAFLD, since a decreased capacity for lipid storage alongside increased lipolysis in adipose tissue trigger ectopic lipid accumulation and lipotoxicity in the livers of MCD diet model mice \[[@R9], [@R10]\].

Adipose tissue can be sub-categorized into brown and white adipose tissue. Brown adipose tissue is a specialized thermogenic organ that can generate heat to maintain body temperature \[[@R11]\]. While white adipose tissue mainly stores or mobilizes lipids as an energy source for systemic use, brown adipose tissue consumes free fatty acids for thermogenesis and mitochondrial oxidation \[[@R11]\]. Importantly, white adipose tissue can adopt the phenotype of brown adipose tissue following exposure to thermogenic stimuli, such as a cold environment, or β-adrenergic stimulation \[[@R12]\]. Thus, the activation and recruitment of the catabolic functions of brown adipocytes has drawn attention as a potential route to promote energy expenditure, and ultimately combat obesity \[[@R13]\]. Moreover, several thermogenic stimuli, including cold stress, can normalize dyslipidemia \[[@R14]\] and improve insulin sensitivity in animal models \[[@R15]\], suggesting that increases in the mass and metabolic activity of brown adipocytes in both brown and white adipose tissue may provide a protective mechanism against obesity-related metabolic disorders \[[@R13], [@R16]\].

Interestingly, both epidemiological data and animal studies have shown significant sex-specific differences in the prevalence of NAFLD \[[@R17]--[@R20]\]. Before the age of 50, men have an increased risk of developing severe NAFLD. In contrast, the incidence of NAFLD after that age is higher in menopausal women than in men, which has suggested the idea that sex hormones might influence the sex-specific onset of NAFLD \[[@R18], [@R20], [@R21]\]. In spite of this, some animal studies gave inconsistent results, and so it remains unclear what the basis of the observed sex differences are in NAFLD \[[@R22]--[@R27]\]. In the present study, we hypothesized that sex differences in the incidence of NAFLD involve sex-specific metabolic interactions between liver and adipose tissue. We used a liver steatosis model, induced by MCD diet, and investigated sex differences in the metabolic response of liver and adipose tissue.

We demonstrated that 2 weeks on an MCD diet induced liver steatosis prominent in male mice than female in a sex-specific manner. The MCD diet increased the level of lipolytic enzymes in gonadal white adipose tissue (gWAT) of male mice. In contrast, the MCD diet increased the expression of brown adipocyte markers and genes involved in mitochondrial free fatty acid β-oxidation in gWAT of female mice. The MCD diet upregulated FGF21 expression in the liver tissue of female mice, which may explain some mechanisms of the sex-specific effect of the MCD diet on the browning of white adipose tissue. Collectively, these data demonstrated sex-specific induction of browning of white adipose tissue and identified FGF21 as a molecular player in the female specific inter-organ response for protection against MCD-diet induced hepatotocixity.

RESULTS {#s2}
=======

An MCD diet produces male-specific liver toxicity {#s2_1}
-------------------------------------------------

Both male and female mice that had been fed an MCD diet exhibited hepatotoxicity, as evidenced by increased activities of ALT and AST in serum. Interestingly, these levels of enzyme in the serum were higher on this diet in the male mice than in the female mice (Figure [1A](#F1){ref-type="fig"}). Histopathological analysis showed that the MCD diet induced clear fat vacuoles involving all areas of the hepatic acinus (Figure [1B](#F1){ref-type="fig"}). We found that steatosis, which was mostly of a macrovesicular type, was more prominent in liver tissue from male mice with weak inflammatory infiltration, than in liver tissue from female mice. It is known that the liver becomes inflamed by an excessive accumulation of lipid, followed by progression to steatohepatitis. In line with this, we determined the expression levels of genes associated with the hepatic inflammatory response. The mRNA expression levels from genes such as *Tnf-α*, *Il-6*, *Il-1β*, and *Ccl2*, which encode inflammatory mediators, was higher in male mice fed an MCD diet compared to similarly fed female mice (Figure [1C](#F1){ref-type="fig"}). These results correlated with the severity of liver toxicity and steatosis. Staining of neutral triglycerides and lipids (Figure [2A](#F2){ref-type="fig"}) and the concentration of hepatic triglyceride (Figure [2B](#F2){ref-type="fig"}) demonstrates that on an MCD diet, hepatic lipid accumulation is higher in male mice than in female mice. While male mice demonstrated lower levels of total cholesterol, triglyceride and free fatty acid levels than female, MCD diet did not affect lipid profiles in serum of male and female mice. (Figure [2B](#F2){ref-type="fig"}) These results indicate that male mice are more susceptible to the progression of NAFLD than female mice.

![Two weeks of MCD diet induced liver steatosis in male specific manner\
**A.** Levels of ALT and AST activities in serum from control mice and mice treated with MCD diet for 2 weeks. Two way ANOVA revealed significant main effects of MCD in ALT levels (*p* \< 0.001) and in AST levels (*p* \< 0.001). **B.** Representative hematoxylin and eosin (H&E) staining of paraffin section of liver. **C.** Quantitative PCR analysis of inflammatory gene expression in liver from control mice and mice treated with MCD diet for 2 weeks. Two way ANOVA revealed significant main effects of MCD in *Tnf-α* (*p* \< 0.01), *Il-6* (*p* \< 0.05), *Il-1β* (*p* \< 0.001), and *Ccl2* (*p* \< 0.001). *n* = 5-6 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\*\**p* \< 0.01, \*\*\**p* \< 0.001).](oncotarget-07-46959-g001){#F1}

![Two weeks of MCD diet increase accumulation of TG in male specific manner\
**A.** Oil red O staining to determine lipid accumulation in liver (left figure; 10X, right figure; 40X) **B.** Lipid profile in serum and liver. Two way ANOVA revealed significant main effects of MCD in hepatic triglyceride levels (*p* \< 0.001), serum total cholesterol (*p* \< 0.05), serum triglyceride (*p* \< 0.01), and serum FFA (*p* \< 0.05). *n* = 5-6 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\**p* \< 0.05, \*\**p* \< 0.01).](oncotarget-07-46959-g002){#F2}

Female mice fed an MCD diet increase their expression of β-oxidation related genes and decrease the expression level of their genes involved in lipid uptake {#s2_2}
------------------------------------------------------------------------------------------------------------------------------------------------------------

It has been suggested that an MCD diet promotes lipid accumulation in the liver through increased fatty acid uptake and reduced triglyceride secretion, rather than increased triglyceride synthesis \[[@R5]\]. To understand the sex differences in lipid accumulation in the liver, we focused on the effect of an MCD diet on hepatic expression of the genes involved in fatty acid β-oxidation, as well as lipid uptake and efflux. ACOX1 is the first and rate-limiting enzyme in peroxisomal β-oxidation encoding the enzymes responsible for the transfer shortened fatty acids from peroxisomes to mitochondria \[[@R28]\]. Furthermore, CYP4A genes are coregulated with other genes that encode proteins involved in fatty acid β-oxidation and, functionally, oxidize fatty acids \[[@R29]\]. Therefore, it is considered that CYP4A enzymes are key mediators in hepatic lipid metabolism. The expression levels of genes encoding components of the β-oxidation pathway, including *Cyp4a10*, *Cyp4a14*, and *Acox1*, were significantly higher in female mice on an MCD diet than in similarly fed male mice (Figure [3A](#F3){ref-type="fig"}). Moreover, compared to male mice, an MCD diet in female mice significantly reduced the expression levels of the genes *Cd36* known as fatty acid translocase and *Lpl* which is a partner of CD36-mediated lipid uptake into liver \[[@R30]\] (Figure [3B](#F3){ref-type="fig"}). While liver exports lipid in the form of VLDL, which is assembled from triglycerides, cholesterol, and apolipoproteins by microsomal triglyceride transfer protein (MTTP) with apolipoprotein B (ApoB), for utilization by various tissues or storage in the WAT \[[@R31]\]. As shown in Figure [3C](#F3){ref-type="fig"}, MCD diet didn\'t affect significantly on the gene expression of lipid export in liver of male as well as female.

![mRNA expression of genes involved in lipid metabolism in liver\
**A.** fatty acid β-oxidation, **B.** lipid uptake, and **C.** lipid efflux. Two way ANOVA revealed significant main effects of MCD in *Cyp4a10* (*p* \< 0.05), *Cyp4a14* (*p* \< 0.01), *Acox1* (*p* \< 0.01), *Cd36* (*p* \< 0.001), and *Lpl* (*p* \< 0.001). *n* = 5-6 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).](oncotarget-07-46959-g003){#F3}

An MCD diet increases lipolysis in the gonadal adipose tissue of male mice {#s2_3}
--------------------------------------------------------------------------

Metabolic interactions between liver and adipose tissue are known to be involved in the pathogenesis of non-alcoholic fatty liver diseases \[[@R32]\]. In particular, hyper-lipolysis of WAT can contribute to TG accumulation in livers in an MCD diet-induced hepatosteatosis model. This observation suggested the possibility that sex differences in the metabolic phenotypes of adipose tissue might confer male-specific hepatotoxic effects during an MCD diet. Therefore, we examined the metabolic phenotype of adipose tissue obtained from male and female mice before and after treatment with an MCD diet. To determine the lipolytic response of various adipose tissue depots following an MCD diet, we examined visceral (i.e., gonadal) and subcutaneous (i.e., inguinal) white adipose tissue, and inter-scapular brown adipose tissue. Among the various adipose tissue depots from distinct anatomic locations, inguinal white adipose tissue (iWAT) is a major subcutaneous adipose tissue depot of mice, and gonadal white adipose tissue (gWAT) is a major dissectible visceral adipose tissue \[[@R16]\]. We chose to monitor these depots, since visceral and subcutaneous adipose tissues have distinct phenotypes, including mechanisms of browning and metabolic responses to lipolytic stimuli \[[@R33]\]. Two weeks on an MCD diet significantly reduced the mass of gWAT in male mice, whereas the same diet had no significant effect on the gWAT mass in female mice (Figure [4A](#F4){ref-type="fig"}). Similar trends were recorded in the iWAT masses; however, these effects were not statistically significant. Next, we analyzed changes in the expression of lipolytic enzymes at the protein and mRNA levels. Quantitative PCR analysis demonstrated that the expression levels of two genes encoding major lipolytic enzymes, hormone sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), were higher in male mice under basal conditions (Figure [4B](#F4){ref-type="fig"}). In addition, the expression levels of ATGL and HSL were upregulated in both males and females in response to 2 weeks treatment with an MCD diet. The extent of induction was greatest in the gWAT of male mice (Figure [4B](#F4){ref-type="fig"}). Consistent with the gene expression analyses, immunoblotting confirmed higher basal and MCD diet-induced expression levels of HSL protein in males compared to females (Figure [4C](#F4){ref-type="fig"}). Since the metabolic activity of HSL is regulated by protein kinase A (PKA) dependent phosphorylation, we examined the active phosphorylated form of HSL. As expected, levels of phosphorylated-HSL were also increased following 2 weeks on an MCD diet, and the extent of the increase was significantly higher in male gonadal adipose tissue compared to the anatomically similar tissue from female mice (Figure [4C](#F4){ref-type="fig"}).

![Two weeks of MCD diet increase lipolytic enzyme expression of gonadal white adipose tissue in male specific manner\
**A.** Measurement of adipose tissue mass of control mice and mice treated with control mice and MCD diet for 2 weeks. **B.** quantitative PCR analysis of genes involved in lipolysis. Two way ANOVA revealed significant main effects of MCD in *Pnpla2* (*p* = 0.01) and *Lipe* (*p* \< 0.05). **C.** Western blot analysis and quantification of p-HSL and t-HSL. Two way ANOVA revealed significant main effects of MCD in p-HSL (*p* = 0.003) and t-HSL (*p* \< 0.05). *n* = 4 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).](oncotarget-07-46959-g004){#F4}

Sex-specific effects of an MCD diet on the browning of gonadal adipose tissue {#s2_4}
-----------------------------------------------------------------------------

To determine sex differences in lipid metabolism within adipose tissue, we further examined the expression of genes involved in lipid metabolism within the gonadal adipose tissue of male and female mice. Initially, gene expression profiling was performed by quantitative PCR, and genes involved in mitochondrial β-oxidation and thermogenesis were included. Importantly, cytochrome c oxidase subunit VIIIb (*Cox8b*), a gene that codes for a protein involved in the mitochondrial oxidative metabolism of free fatty acids, was upregulated in female gonadal adipose tissue in response to an MCD diet, indicating that mitochondrial respiration became more active in female gonadal adipose tissue (Figure [5A](#F5){ref-type="fig"}). Next, we examined the expression of brown adipose marker genes, including a gene encoding the thermogenic protein, uncoupling protein 1 (*Ucp1*). The genes encoding 'cell death-inducing fragmentation factor alpha subunit-like effector A' (*Cidea*), and 'elongation of very long chain fatty acids' (Elovl3) were upregulated in female gWAT following an MCD diet, compared to male gWAT (Figure [5A](#F5){ref-type="fig"}). At the protein level, the MCD diet induced UCP1 expression specifically in female gWAT. In contrast, UCP1 protein was undetectable in male gWAT (Figure [5B](#F5){ref-type="fig"}). The *ex vivo* O~2~ consumption of gWAT, an indicator of mitochondrial respiration, was found to be higher in females when measured by 2,3,5-triphenyltetrazolium chloride (TTC) staining (Figure [5C](#F5){ref-type="fig"}). Histological analysis of female gWAT established the presence of multilocular (brown) adipocytes (Figure [5D](#F5){ref-type="fig"}), with intense eosin staining indicating high mitochondrial content. In further support of these data, immunohistochemical analysis demonstrated that UCP1 protein could be detected exclusively in the gWAT from female mice on an MCD diet (Figure [5E](#F5){ref-type="fig"}). These data suggest that utilization of FFA by mitochondrial respiration becomes more active in female gonadal adipose tissue, compared to the anatomically similar tissue in male mice. These data further support our hypothesis that differences in metabolic phenotypes of white adipose tissue between males and females may contribute to the differential hepatic lipotoxicity, which specifically affects males.

We further examined the metabolic phenotypes of subcutaneous white adipose tissue following exposure to the MCD diet. Interestingly, no significant differences were detected in the protein levels of UCP1 expression in iWAT between female and male adipose tissues (Figure [6](#F6){ref-type="fig"}), indicating that there may be no sex differences in the browning of subcutaneous adipose tissue induced by an MCD diet.

![Two weeks of MCD diet increase brown adipocyte marker expression in gonadal white adipose tissue in female specific manner\
**A.** Quantitative PCR analysis of brown adipocyte markers in gWAT obtained from control mice (CON) and mice treated with MCD diet for 2 weeks. Two way ANOVA revealed significant main effects of MCD in *Cox8b*, *Ucp1*, and *Elovl3* expression (*p* \< 0.01). **B.** Western blot analysis and quantification of UCP1 expression in gWAT. Two way ANOVA revealed significant main effects of MCD in UPC1 expression (*p* = 0.001). **C.** Mitochondrial respiration in gWAT as determined by reduction of the electron acceptor dye TTC. Two way ANOVA revealed significant main effects of MCD in respiration (*p* \< 0.001). **D.** Representative images of H/E staining of paraffin sections of gWAT (size bars = 200m). **E.** Representative images of UCP1 detection in paraffin sections gWAT (size bars = 20μm). *n* = 4 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).](oncotarget-07-46959-g005){#F5}

![No difference in effects of MCD diet on browning of inguinal white adipose tissue in female and male\
**A.** Western blot analysis and **B.** quantification of UCP1 expression in iWAT. Two way ANOVA revealed significant main effects of MCD in UCP1 (*p* \< 0.01). *n* = 4 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction.](oncotarget-07-46959-g006){#F6}

An MCD diet induces female-specific upregulation of FGF21 in liver tissue {#s2_5}
-------------------------------------------------------------------------

We examined expression levels of FGF21, which has been reported to have a brown adipogenic endocrine function \[[@R34]\], in order to determine whether it plays a molecular role in inducing the browning of white adipose tissue. As shown in Figure [7A](#F7){ref-type="fig"}, FGF21 expression becomes significantly higher in the liver tissue of female mice. Interestingly, PPARα expression, which has been reported as upstream of FGF21, also upregulated more potently in the liver of female mice than male mice (Figure [7A](#F7){ref-type="fig"}). Consistently, higher levels of FGF21 were detected in serum obtained from female mice compared to that of male (Figure [7B](#F7){ref-type="fig"}). High levels of FGF21 trigger downstream signaling, including phosphorylation of FRS2. Levels of phosphorylated proteins were detected significantly higher in gonadal adipose tissue from female mice (Figure [7C](#F7){ref-type="fig"}), suggesting that FGF21 does indeed have an endocrine effect on white adipose tissue in females, but not in the gWAT of males.

![Two weeks of MCD diet induced female specific upregulation of *Fgf21* and *Pparα* expression in liver (**A)** and circulating FGF21 (**B)**, and phospho-FRS2 in gWAT (**C**)\
Two way ANOVA revealed significant main effects of MCD in hepatic *Fgf21*, (*p* \< 0.001), hepatic *Pparα* (*p* \< 0.01), circulating FGF21 (*p* \< 0.001), and pFRS2 (*p* \< 0.01). Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction (\*\**p* \< 0.01, \*\*\**p* \< 0.001).](oncotarget-07-46959-g007){#F7}

To determine whether the intrinsic properties of adipocytes from male and female mice are distinct, we tested the brown adipogenic potential of primary cultured adipocytes. Adipocyte progenitor populations from each of the gonadal adipose tissues were isolated and differentiated into adipocytes, using a standard adipogenic cocktail. The expression levels of genes associated with brown adipogenesis were measured by qPCR following isoproterenol treatment. In an *in vitro* model, isoproterenol was equally effective at inducing the browning of primary cultures obtained from both male and female mice (Figure [8](#F8){ref-type="fig"}), suggesting that the intrinsic ability of adipocytes to transform into brown adipose tissue upon stimulation is similar in both sexes.

![qPCR analysis of brown adipocyte gene expression in differentiated preadipocytes isolated from male and female mice\
PDGFRα+ cells isolated from white adipose tissue of control mice were exposed to differentiation medium differentiation medium for 4 days and treated with/without 10μM isoproterenol (ISO) for 4 h. Two way ANOVA revealed significant main effects of MCD in *Ucp1* (*p* \< 0.001), *Pgc1α* (*p* \< 0.01), and *Elovl3* (*p* \< 0.001). *n* = 3 per group. Bars represent mean+SD. Significant differences between male and female were determined by post-hoc pairwise comparison with Bonferroni correction.](oncotarget-07-46959-g008){#F8}

DISCUSSION {#s3}
==========

The mechanism responsible for the progression of NAFLD in humans is not yet fully understood. Moreover, sex differences in the incidence of NAFLD complicate efforts to understand its pathogenesis. Recently, it has been suggested that the interaction between peripheral tissues, mainly adipose tissue and liver tissue, play an important role in the development of NAFLD \[[@R35]\]. In particular, the increased flux of FFA from lipolysis within adipose tissue contributes to 60% of the hepatic fat content in a fatty liver \[[@R2], [@R36]\]. Therefore, the importance of adipose tissue in NAFLD is increasing recognized. In this study, we tried to understand sex differences in NAFLD based on metabolic interactions between liver tissue and adipose tissue.

Adipose tissue can store excess energy, and it can limit accumulation of FFA in non-adipose organs. Hyper-lipolysis can cause excessive mobilization of FFA from WAT to the circulation, and consequently to non-adipose tissue. Thus, dysregulation of FFA mobilization can cause aberrant lipid accumulation, leading to lipotoxicity and inflammation. In this study, male mice were more vulnerable to hepatic lipid accumulation while on an MCD diet, compared to female mice. Hepatic lipid metabolism was marked by increased β-oxidation, which uses fatty acids, and decreased lipid uptake in MCD diet fed female mice, compared to male mice. These findings suggest that similar mechanisms may contribute to the sex differences in NAFLD.

Concomitant increases in oxidative metabolism and mitochondrial functioning upon lipolytic signaling is beneficial, since it counterbalances FFA efflux, improving the global metabolic phenotype. Thus, browning of white adipose tissue can increase thermogenesis and FFA catabolism, improving the metabolic profile and reducing hepatotoxicity. In our present study, we have discovered that sex-specific upregulation of in FGF21 expression in mice in response to an MCD diet is correlated with different levels of browning of adipose tissue. This finding may explain, in part, how sex-specific adaptive adipose remodeling aids in protection against the hepatotoxicity induced in mice on an MCD diet.

Sympathetic β-adrenergic stimuli are a major regulatory mechanism that controls lipolysis, mitochondrial β-oxidation of FFA and thermogenic programs in both brown and white adipose tissue. In addition to β-adrenergic stimulation, several non-canonical mechanisms of brown adipocyte activation and recruitment have been identified. Among those, FGF21 is one of the endocrine factors (released mainly from liver) that can act on white adipose tissue to induce browning \[[@R34], [@R37], [@R38]\]. Genetic overexpression FGF21 or pharmacological treatment of FGF21 can correct glucose and lipid metabolism \[[@R39]\] and has beneficial effects in mouse models of obesity \[[@R38], [@R40]\]. FGF21-induced weight loss resulted from increased energy expenditure, in part, if not entirely, by browning of white adipose tissue. Thus, FGF21 is emerging as a promising therapeutic for treating type 2 diabetes and the metabolic syndrome related to obesity \[[@R38]\]. While our study demonstrated that sex-specific upregulation of FGF21 in liver tissue activates a brown adipocyte phenotype in gWAT, the mechanism of sex-specific upregulation of FGF21 has not been identified. We speculate that the molecular mechanism of sex-specific browning of adipose tissue may include effects from sex hormones, such as estrogen. Estrogen can interact with several transcriptional regulators involved in lipid metabolism, including PPARs \[[@R41]\]. It has been demonstrated that FGF21 can be induced by signaling downstream of PPARα in the liver. The potential involvement of sex hormones in the induction of FGF21 deserves further investigation.

In general, levels of browning in white adipose tissue vary, depending on the anatomic location of adipose tissues, the genetic background of individuals, and their sex \[[@R42]\]. For instance, subcutaneous white adipose tissue, the so-called "beige" adipose depot, is more prone to browning upon cold exposure and β-adrenergic stimulation compared to gonadal white adipose tissue \[[@R33], [@R43]\]. However, mechanisms underlying the differences in browning susceptibility of distinct white adipose tissue depots are not been fully understood \[[@R33], [@R43]\]. Some evidence suggests that differences in cellular origins and intrinsic properties of adipocytes in various anatomic locations may account for the differing responsiveness to thermogenic stimuli \[[@R33], [@R44]\]. While sex differences in the browning of white adipose tissue have not been investigated, sex differences in brown adipose tissue have been reported. Brown adipose tissue in female mice upregulates BMP8b, in contrast to that in male mice \[[@R45]\]. It would be informative to investigate which other thermogenic factors are implicated in the sex-specific browning of white adipose tissue.

Inter-organ crosstalk, between the liver and the adipose stores, plays an important role in lipid handling and lies at the base of the pathophysiology associated with the metabolic syndrome, in terms of ectopic lipid deposition and lipid spillover from adipose tissue. Beneficial effects on lipid metabolism arising from the browning of white adipose tissue have been reported for several metabolic diseases. In this study, we have identified the browning of white adipose tissue as a sex-specific protective mechanism against hepatic injury in female mice. Further investigation of the mechanisms of sex-specific upregulation of FGF21 may prove to be useful for the clinical application of FGF21-based therapeutics and may inform preventive approaches for sex-specific diseases of hepatic lipid metabolism.

MATERIALS AND METHODS {#s4}
=====================

Animals and diet {#s4_1}
----------------

All animal protocols were approved by the Institutional Animal Care and Use Committees at Pusan National University (PNU-2015-0957). C57BL/6N mice (6 weeks old, male and female) were purchased from the Orient-Bio (Sungnam, Korea) and acclimated to temperature (22±2°C) and humidity (55±5%) controlled rooms with a 12 h light/dark cycle for 1 week prior to use. 11 mice in each sex were randomly divided into 2 groups and fed a diet deficient in methionine and choline (MCD diet) (*n* = 6) or the control diet with methionine and choline (*n* = 5) for 2 weeks. The diets were obtained from Dyets Inc. (Bethlethem, PA, USA). In the experiment of primary adipocyte culture, 3 male and 3 female mice were used.

Serum parameters and histological analysis {#s4_2}
------------------------------------------

Serum activity of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) was measured by the protocol of Reitman and Frankel \[[@R46]\]. The levels of triglyceride and free fatty acids were determined enzymatically using a commercially available kit according to the manufacturer\'s protocol (Sigma Aldrich). Serum level of fibroblast growth factor 21 (FGF21) was measured using the Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA). For histopathologic evaluation, the liver and adipose tissue were processed, embedded in paraffin, and sliced at 10 μm. TG accumulation was measured by staining with Oil red O (Sigma Aldrich). Sections were counterstained with hematoxylin for 2 min followed by microscopic examination. UCP1 protein was detected in paraffin sections of adipose tissue by standard immunohistochemical (IHC) methods, as previously described \[[@R47]\]. Anti-UCP1 antibody (Alpha Diagnostic International, San Antonio, TX, USA) and anti-rabbit-Alexa Flor-594 (Thermo Scientific, Sunnyvale, CA, USA) were used for IHC detection. Normal rabbit IgG (Santa Cruz, Dallas, TX, USA) was used for negative controls. The sections were counterstained with DAPI (Sigma Aldrich).

TTC reduction assay {#s4_3}
-------------------

NADH/NADPH dehydrogenase activity of adipose tissue minces *in situ* was detected by measuring the reduction of 2,3,5-triphenyltetrazolium chloride (TTC; Sigma Aldrich, St. Louis, MO, USA), as previously described \[[@R48]\].

Cell culture {#s4_4}
------------

PDGFRα+ cells isolated by magnetic cell sorting (MACS) from white adipose tissue of control mice were cultured to confluence in growth medium (Dulbecco\'s modified Eagle\'s medium, DMEM; Welgene, Gyeongsan, South Korea) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific) and 1% penicillin/streptomycin (Thermo Scientific) at 37°C in a humidified atmosphere with 5% CO~2~ and exposed to differentiation medium (DMEM supplemented with 10% FBS, 1% P/S, and 1μg/ml insulin (Sigma Aldrich) or with the addition of isoproterenol (10μM for 4 h).

Gene expression {#s4_5}
---------------

RNA was extracted using TRIzol^®^ reagent (Thermo Scientific) and converted into cDNA by using High Capacity cDNA synthesis kit (Applied Biosystems, Waltham, MA, USA). Quantitative real time-polymerase chain reaction (PCR) was performed using SYBR Green Master Mix (Applied Biosystems) and ABI StepOne PLUS (Applied Biosystems) for 45 cycles and the fold change for all the samples was calculated by the comparative cycle-threshold (Ct) method (i.e. 2^−ΔΔCt^ method). 18S ribosomal RNA or peptidylprolyl isomerase A (PPIA) was used as the housekeeping gene for mRNA expression analysis. cDNA was amplified using the primers which were provided in Table [1](#T1){ref-type="table"}.

###### List of murine primers used for real time RT-PCR

  Symbol      Full name                                                                 Primer sequence (5′-3′)   
  ----------- ------------------------------------------------------------------------- ------------------------- --------------------------
  *Tnf-α*     tumor necrosis factor alpha                                               GGCCTCTCTACCTTGTTGCC      CAGCCTGGTCACCAAATCAG
  *Il-6*      interleukin 6                                                             TTGCCTTCTTGGGACTGATG      CCACGATTTCCCAGAGAACA
  *Il-1β*     interleukin 1 beta                                                        TTCACCATGGAATCCGTGTC      GTCTTGGCCGAGGACTAAGG
  *Ccl2*      chemokine ligand 2                                                        CCAGCAAGATGATCCCAATG      CTTCTTGGGGTCAGCACAGA
  *Cyp4a10*   cytochrome P450, family4, subfamily a. polypeptide 10                     AGTGTCTCTGCTCTAAGCC       CCCAAAGAACCAGTGAAAAG
  *Cyp4a14*   cytochrome P450, family4, subfamily a. polypeptide 14                     TTGCCAGAATGGAGGATAGG      CAGGAAATTCCACTGGCTGT
  *Acox1*     acyl-CoA oxidase 1                                                        CCAATCATGCGATAGTCCTGGC    CTTCAGGTAGCCATTATCCATCTC
  *Cd36*      Cd36 antigen                                                              CCTTGGCAACCAACCACAAA      ATCCACCAGTTGCTCCACAC
  *Lpl*       lipoprotein lipase                                                        ATCGGAGAACTGCTCATGATGA    CGGATCCTCTCGATGACGAA
  *Ldlr*      low density lipoprotein receptor                                          TTCAGTGCCAATCGACTCAC      TGTGACCTTGTGGAACAGGA
  *Mttp*      microsomal triglyceride transfer protein                                  CTCTTGGCAGTGCTTTTTCTCT    GAGCTTGTATAGCCGCTCATT
  *Apob*      apolipoprotein B                                                          TTGGCAAACTGCATAGCATCC     TCAAATTGGGACTCTCCTTTAGC
  *Pnpla2*    patatin-like phospholipase domain-containing protein 2                    ATCTACGGAGCCTCGGCAG       CCACAGTACACCGGGATAAA
  *Lipe*      hormone sensitive lipase                                                  GCTGGGCTGTCAAGCACTGT      GTAACTGGGTAGGCTGCCAT
  *Cox8b*     cytochrome c oxidase subunit 8b                                           TGCGAAGTTCACAGTGGTTC      TCAGGGATGTGCAACTTCA
  *Ucp1*      uncoupling protein 1                                                      TGGCCTCTCCAGTGGATGTG      CGTGGTCTCCCAGCATAGAAG
  *Cidea*     cell death activator CIDE-A                                               CGGGAATAGCCAGAGTCACC      TGTGCATCGGATGTCGTAGG
  *Elovl3*    elongation of very long chain fatty acids protein 3                       ACCTACATGAGAACGCGGAA      GTAGATGGCAAAGCACACGG
  *Pgc1α*     peroxisome proliferative activated receptor, gamma, coactivator 1 alpha   ACACCTGTGACGCTTTCGCTG     AAGGACACGCTGTCCCATGA
  *Pparα*     peroxisome proliferator activated receptor alpha                          TGTCGAATATGTGGGGACAA      AATCTTGCAGCTCCGATCAC
  *Fgf21*     fibroblast growth factor 21                                               AGCATACCCCATCCCTGACT      AGACTTTCTGGACTGCGGTG

Western blot analysis {#s4_6}
---------------------

Protein samples were obtained by lysing the tissues with ice cold RIPA buffer (0.05 M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) supplemented with 1 mM phenylmethylsulfonyl fluoride, 2 mM sodium metavanadate, 1 mM sodium fluoride, and protease inhibitor cocktail. The protein concentration in the lysates was determined by the BCA procedure (Thermo scientific). Equal amounts of protein samples were subjected to SDS-PAGE and then transferred onto a polyvinylidene difuoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% nonfat dry milk in 100 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.2% Tween 20 (T-TBS) for 1 h at room temperature. Western blot was performed using primary antibodies against hormone-sensitive lipase (HSL) (Cell Signaling, Danvers, MA, USA), phospho-FSR2 (Cell Signaling), UCP1 (ADI), tubulin (Cell Signaling) and β-actin (Santa Cruz), and secondary anti-mouse or rabbit horse-radish peroxidase antibodies (Cell Signaling) as described previously \[[@R47]\]. The blots were visualized with SuperSignal West Dura Substrate (Thermo Scientific). ImageJ were used for quantitation of blots.

Statistical analysis {#s4_7}
--------------------

Statistical analyses were performed with GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA.). Comparison among groups was performed using two-way ANOVA, with Bonferroni post-tests to determine the relevant *P* values. Data are presented as mean ± SD and considered statistically significant for *p* \< 0.05.
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